Pristine graphene is a semimetal and thus does not have a band gap. By making a nanometer scale periodic array of holes in the graphene sheet a band gap may form; the size of the gap is controllable by adjusting the parameters of the lattice. The hole diameter, hole geometry, lattice geometry and the separation of the holes are parameters that all play an important role in determining the size of the band gap, which, for technological applications, should be at least of the order of tenths of an eV. We investigate four different hole configurations: the rectangular, the triangular, the rotated triangular and the honeycomb lattice. It is found that the lattice geometry plays a crucial role for size of the band gap: the triangular arrangement displays always a sizable gap, while for the other types only particular hole separations lead to a large gap. This observation is explained using Clar sextet theory, and we find that a sufficient
condition for a large gap is that the number of sextets exceeds one third of the total number of hexagons in the unit cell. Furthermore, we investigate non-isosceles triangular structures to probe the sensitivity of the gap in triangular lattices to small changes in geometry.
keywords graphene, antidots, Clar sextets, band structure, band gap Graphene, a one atom thick layer of carbon, has attracted a great deal of attention since its discovery in 2004. 1 This is due to its intriguing properties such as extremely high conductivity, 2 high mechanical strength 3 and the ability to probe relativistic phenomena at sub-light speeds. 4 Due to the large conductivity and the atomic layer thickness, graphene is a promising candidate as a substitute for the present principal component of most semiconductor devices, silicon. Natural graphene, however, is a semimetal and thus lacks a band gap which is a necessary condition for its usage in transistor architectures. 4 Introducing a band gap into graphene can be achieved by various means and several approaches have been suggested. For example, slicing graphene into graphene nanoribbons 5 or growing graphene epitaxially on a substrate opens up a band gap in graphene. 6 Recently however, another approach to opening up a gap in graphene has been suggested.
Calculations [7] [8] [9] [10] [11] [12] [13] show that by making a triangular array of holes in the graphene layer a band gap is obtained and the size of the gap can be tuned by varying the parameters of the lattice, i.e., the lattice geometry, the hole size and the hole separation. Several recent theoretical articles have explored various aspects of graphene antidot lattices, e.g., electron-phonon coupling, 14, 15 detection of edge states, 16 or details of band gap scaling. 17, 18 Graphene antidot lattices have also been subject to recent experimental research and antidot lattices of various geometries have been fabricated using a number of different techniques. 12, [19] [20] [21] [22] In earlier work triangular antidot lattices have been treated in detail, [7] [8] [9] [10] [11] 13 and it was found that the size of the band gap is directly linked to the size of the hole compared to the size of the unit cell: the larger the hole the larger the band gap. To make a thorough analysis, one must consider other lattice geometries as well in order to assess whether other geometries might be suited for the actual production of graphene antidot lattices, and also to determine how sensitive the lattices are to small structural variations. Indeed, graphene antidot lattices produced by lithography 19 and block co-polymer masks 20 will be subject to some uncontrollable variations in the lattice and thus it is important to examine how large an effect these variations may have. This paper is structured as follows. In Sect. II we introduce the four different lattices we study, as well as the important concept of Clar sextets. Sect. III discusses some computational details, while in Sect. IV we give our main results, and their analysis. Finally, a short conclusion is given in Sect. V.
Antidot lattice geometries
We consider four different lattice types: the triangular lattice, the rotated triangular lattice, the rectangular lattice and the honeycomb lattice. In the following, R is always the radius of the hole given in units of the graphene lattice constant a 0 = 2.46Å. such that the centre is exactly in the middle of a hexagon it will not always be such that the centre of the second hole, when placed according to the prescriptions above, is also in the middle of a hexagon. This might cause the holes to be non-similar with respect to the edge of the holes. It turns out that only for unit cells obeying L = 3n + 2 (with n an integer) two similar holes can be placed according to the above prescriptions. For the rest, one of the holes must be displaced slightly to make sure that the centre of both holes is in the middle of a hexagon, thereby ensuring that the two holes are similar. The non-perfect honeycomb lattices differ from the other lattices by their reduced symmetry of the unit cell. Thus, one should be careful when calculating band structures because the irreducible Brillouin zone is larger than for the other geometries.
The selection of structures mentioned above is motivated by recent experimental work. Honeycomb lattices have been produced by patterned hydrogen adsorption, 12 rectangular lattices have been produced using lithography, 19 triangular lattices have been produced using block copolymer methods 20, 22 and rotated triangular structures have been produced using a method based on surface-assisted coupling of designed molecular building blocks in Ref. 21 The fact that "'hypothetical"' structures are studied experimentally emphasizes the need for theoretical investigations to guide the experimental work and possibly the fabrication of devices based on graphene antidot lattices.
To examine the structures we will calculate band structures of the lattices and analyze their Clar structure, that is, the pattern of delocalized π-orbital phenyl ring structures, i.e. Clar sextets. 23 Clar analysis has previously been used with success to explain the oscillating behaviour of the band gap in graphene nanoribbons, 24 and the stability and band gap of carbon nanotubes. 25 Very recently, we gave a preliminary discussion of lattice-dependence of band gaps in rectangular graphene antidot lattices. 26 The Clar structure of a given unit cell of a lattice is determined by locating the pattern of sextets, which gives the maximum number of sextets in the unit cell. The sextets cannot be distributed freely within the unit cell due to two limitations: The Clar representation has to preserve the unit cell (if it failed to do so, it would not, by definition, be a unit cell) and two sextets cannot be neighbors. Neighboring sextets are non-chemical since they would require carbon atoms with more than four bonds. In most cases it is straightforward to determine the Clar structure while in others it is more involved due to lack of symmetry. In those cases we have calculated the bond order to aid in finding the optimal Clar structure. Here it should be noted that in many cases the Clar structure is not unique. For many structures several different Clar structures yield the same total number of sextets. Thus, when calculating the bond order one will find a superposition of all the distinct Clar structures. This is not crucial, because, as it will be explained below, what really matters for our purpose is the number of sextets.
Results and discussion
The presents a large gap. These findings strongly suggest that some connection should exist between certain general characteristics of the lattice and the appearance of a large band gap. It should be pointed out that the band gap is not exactly zero for any of the shown structures but it is indeed very small in magnitude (on the order of few meV).
To explain the presence of a large band gap for certain structures and the lack of a band gap 
{5,1} {6,1} {7,1} holds: as a function of L only every third structure has a sizable gap. The size of the gap always decreases as L is increased; however the quantitative details depend on the value of R, and are thus beyond the qualitative statements that can be deduced from the Clar theory. Moreover, in Ref. 26 we have verified Clar theory for R = 2 rectangular lattices. In general, our calculations indicate that a criterion for a large band gap is the existence of a complete benzenoid Clar pattern. In an attempt to find a simple rule for the existence of a large band gap we counted the number of sextets
{4,1} Figure 6 : Clar structure of the triangular lattice. Here it is clear that all lattices support a complete benzenoid structure for a hole of radius a 0 .
{4,1}
{5,1}
{6,1}
Figure 7: Clar structure of the triangular rotated lattice. As it is seen, a complete benzenoid pattern is not possible for all structures. The hole radius is a 0 in all cases.
in the unit cells and related it to the total number of hexagons in the cell. We found that, for those structures having a large band gap, the number of sextets in the unit cell was larger than one third of the total number of hexagons in the unit cell, N Sx > 1 3 N Hx . From these findings we conclude that the non-rotated triangular lattice holds the most potential for the actual production of graphene antidot lattice of technological importance, since a band gap is found in all cases. Thus, it is interesting to study the stability of this structure under small geometric distortions. Here we will consider a non-isosceles triangular lattice as shown in Thus, as a guide to experimental fabrication of large-gap antidot lattices we stress the following points: First, triangular lattices are favorable due to their insensitivity to the precise lattice constant. 
Conclusion
Our results show that it is possible, without turning to full-scale atomistic calculations, predict if a given graphene antidot structure can be expected to possess a large band gap only by analyzing the Clar structure of the unit cell. Structures investigated in this work show a large band gap only if the lattice allows for a complete benzenoid pattern with the number of sextets exceeding one third of the total number of hexagons in the unit cell. Four different lattice types were investigated.
We found that only non-rotated triangular lattices, in which antidot lattice vectors are parallel to atomic bonds, are insensitive to lattice constants and always exhibit a band gap. All other lattices (rotated triangular, rectangular and honeycomb) are extremely sensitive to the lattice geometry and only one third display large band gaps. Finally, non-isosceles triangular lattices show the same three-fold repetitive pattern with respect to the band gap.
Methods
In the present work, band structures of antidot lattices are calculated in a simple nearest neighbor tight binding model (NN-TB) as well as the quasi-particle tight binding (QP-TB) model 8 based on the parametrization of the quasi-particle band structure of graphene. 30 In the NN-TB model the hopping integral between neighbor atoms is given by γ = 3.033eV 31 and overlap is neglected.
In the QP-TB model the parameters are used as given in Ref. 30 and three nearest neighbors and overlaps are included in the calculations.
In certain cases, the Clar structure is difficult to identify and for this purpose the bond order (BO) pattern has been examined. In graphene and related structures one can calculate the BO between two bound atoms by calculating the overlap between the π-electrons of the two atoms.
This gives information about the probability of finding a double bond between those two atoms.
The BO between atom p and p (neighboring atoms) is calculated as follows
Here, c .
